A simple, accurate method for detecting metal ions in an aqueous solution using functionalized gold nanorods (AuNRs) is described. The method involves the complexing of divalent metal ions with poly(acrylic acid) (PAA) and, the localized surface plasmon resonance (LSPR) phenomena of AuNRs. Changes in the longitudinal surface plasmon bands (LSPBs) were monitored using aggregates of PAA-coated AuNRs with various divalent metal ions via UV-vis spectroscope. Functionalized AuNRs underwent robust aggregate formation by chelation with divalent metal ions (e.g., Cu 2+ , Zn 2+ , Cd 2+ , and Fe 2+ ). Copper ions formed largest aggregates within 2 h, because complexation between Cu 2+ and dicarboxylate has the highest H and − G values. This process represents an easy and useful method for detecting certain divalent metal ions, and the aggregates are also, in some cases, clearly visible to the naked eye.
INTRODUCTION
Noble metal nanoparticles have attracted widespread interest, for use in conjunction with LSPR. AuNRs exhibit transverse (∼520 nm) and longitudinal (>600 nm) surface plasmon resonance bands, the latter of which is extremely sensitive to changes in the dielectric properties in the immediate vicinity of the AuNRs. [1] [2] [3] The optical resonance of AuNRs in the near-infrared region (around 650-900 nm) is especially suitable for actual in vivo imaging and therapeutic applications, since tissue transmissivity is the highest in this wavelength region. 4 Therefore, AuNRs-based LSPR detection systems have been developed for molecular sensing for biological applications, based on changes in LSPB absorbance caused by changes in the local dielectric environment. 5 Moreover, polyanions (PAs), polymers with a high concentration of anionic groups, have the ability to chelate or exchange metal ions. Among such PAs, carboxylfunctionalized ones have been widely studied, because * Author to whom correspondence should be addressed.
of their excellent chelating characteristics. This property permits them to be used in the separation and isolation of metal ions from aqueous solutions. However, the use of metallic nanostructures coated with PAs as sensing probes has not been extensively investigated.
We report herein on a study of the nature of the complexation between PAA-coated AuNRs and divalent metal ions using a simple optical detection method. Because divalent metal ions are known to form chelated structures with carboxyl moieties, [6] [7] [8] [9] [10] [11] PAA-coated AuNRs could be used to capture divalent metal ions that are dissolved in an aqueous solution. Changes in the LSPB, as the result of complexation between divalent metal ions and carboxyl groups on an AuNR surface, were observed by UV-vis spectroscope as well visually. Furthermore, the propensity of carboxyl-functionalized AuNRs to form aggregates with divalent metal ions (e.g., Cu 2+ 
Preparation and Purification of AuNRs
The AuNRs were synthesized by the seed-mediated growth method in the presence of CTAB. 12 Seed solutions were first prepared by adding 25 L of 0.100 M HAuCl 4 to 10 mL of 0.107 M CTAB, followed by the addition of 600 L of ice-cold 0.01 M NaBH 4 with vigorous stirring for 2 min at room temperature. For the growth of AuNRs, 500 L of 0.100 M HAuCl 4 was added to 99.5 mL of 0.100 M CTAB. To this solution, 1 mL of 0.004 M AgNO 3 and 700 L of 0.079 M ascorbic acid were added. After gentle mixing, the color of the growth solution changed from yellow to colorless. Then 25 L of seed solution was added and the solution allowed to stand overnight without shaking or stirring. Excess CTAB and spherical nanoparticles were removed from the AuNRs by discarding the supernatant after centrifuging at 14,000 rpm for 8 min. The precipitates were collected and re-dispersed in DI water. This step was repeated a second time.
Functionalization of AuNRs
The as-prepared AuNRs were enriched 5 times by centrifugation. The surface of AuNRs was modified using a polyelectrolyte by the method described by Sean Norman and co-workers. 13 Typically, 1 mL aliquots of AuNRs were placed in 1.5 mL microcentrifuge tubes. A stock solution of PAA (10 mg PAA/mL solution) was prepared by dissolving PAA in a 10 mM aqueous NaCl solution. To the microcentrifuge tubes containing the AuNRs, 200 L of PAA stock solution was added simultaneously with 100 L of the 10 mM NaCl solution. After 30 min of adsorption time, the excess polymer was removed by discarding the supernatant after centrifuging at 13,500 rpm for 8 min. The precipitates were then re-dispersed in 1 mL DI water. For the preparation of PAA/PAH coated AuNRs, the PAA-coated AuNRs were further coated with PAH. The experimental procedure was identical with the steps for PAA coating. A stock solution of PAH (10 mg PAH/mL solution) was prepared by dissolving PAH in 10 mM of aqueous NaCl solution.
Aggregation of Functionalized AuNRs with Divalent Metal Ions
Only the sulfate form of metal ions was used to guarantee that the experimental conditions were identical. To observe the chelation effect, 500 L of a 1 mM metal ion solution was mixed with 500 L of a PAA-coated AuNRs solution.
A UV-vis spectroscopic analysis was carried out immediately after mixing at room temperature. All spectra were recorded a second time after 2 h. These steps were also applied to AuNRs and PAA/PAH-coated AuNRs as control experiments.
Instrumentation
Optical properties were measured by UV-vis spectroscope (HP8453, Agilent, USA). Zeta potential measurements were performed on electrophoretic light scattering spectrophotometer (ELS-8000, Otsuka Electronics, Japan).
RESULTS AND DISCUSSION
A PAA-coated AuNRs solution was mixed with various divalent metal ions to observe the aggregation of functionalized AuNRs with metal ions. Figure 1 shows a schematic diagram for the aggregation of PAA-coated AuNRs with divalent metal ion via 2:1 complexation in aqueous solution. Generally, PAA interacts with divalent metal ions in aqueous media to form D 2h or D 4h type complexes by the reaction shown below:
where M is the divalent metal ion. 14 The formation of a 2:1 complex is induced by both intermolecular and intramolecular interactions. Carboxyl groups on the surface of AuNRs induce inter-particle attractions via the formation of a PAA-metal ion complex in the presence of the divalent metal ions. Therefore, the proportion of AuNRs aggregates would be expected to increase with increasing chelating affinity.
As described in the Experimental Details section, AuNRs were coated with polyelectrolyte by a layer-bylayer (LbL) method. Since CTAB-capped AuNRs are positively charged, the PAA (anionic polymer) was readily adsorbed to AuNRs by electrostatic interactions. An oppositely charged PAH (cationic polymer) layer was also readily formed on the PAA-coated AuNRs. These sequential fabrication processes for polyelectrolyte coating were followed by UV-vis spectroscope, as shown in Figure 2(a) . The individual plasmonic peaks were shifted slightly after the adsorption of PAA and PAH. This indicates that polyelectrolytes were successfully adsorbed on the AuNRs because this LSPB peak is very sensitive to the local dielectric properties around the particle surface. 15 As the coating steps progressed, the extinction intensities also decreased slightly, due to the loss of AuNRs during the process of removing the excess polyelectrolyte molecules. In order to ensure that the polyelectrolyte coated the AuNRs surface, zeta potentials of each AuNRs solution were determined (Fig. 2(b) ). As described above, AuNRs were coated with oppositely charged polyelectrolytes, and, as a result, the zeta potentials of their surfaces changed dramatically with the serial coating steps of the reversibly charged polyelectrolytes. The zeta potential of as-prepared AuNRs is ca. 46 mV (positive value) because the AuNRs were surrounded by a positively charged CTAB bilayer. When the PAA covered the surface of the AuNRs, the zeta potential decreased ca. −34 mV. The sequential PAH coating caused the zeta potential to increase to ca. 38 mV again.
Using these AuNRs with various surface properties (i.e., bare AuNRs, PAA-coated AuNRs, and PAA/PAH-coated AuNRs), the aggregation between the AuNRs and various divalent metal ions was monitored via changes in extinction peaks measured by UV-vis spectroscope. In the cases of Cu 2+ , Zn 2+ , Cd 2+ , and Fe 2+ ions in the PAA-coated AuNRs solution, the extinction of LSPB decreased significantly within 2 h and finally disappeared, as shown in Figure 3 . These results indicate that the PAA-coated AuNRs were aggregated together as the result of chelation between PAA and metal ions. In the cases of Ni 2+ , Mg 2+ , and Mn 2+ , no significant changes in the extinction of LSPB was found under the same experimental conditions. This demonstrates that the latter three metal ions chelate weakly, or not at all to AuNRs aggregates. Morcellet previously reported that the formation of a chelated complex between carboxyl groups and various metal ions involves different enthalpies with the following order of
The values of changes in the Gibbs free energy (− G) calculated for all reactions were negative, which indicates that the metal-dicarboxylate complexes are formed spontaneously. The enthalpy change ( H ) reflects the change in the number and strength of bonds formed during the complexation processes. This indicates that the various divalent metal ions have different tendencies to for a chelate with the surface ligands of functionalized AuNRs. As the value of H increases, the tendency to form metal-dicarboxylate complex increases.
Thus, the large value of H indicates that enormous AuNRs aggregates are produced by strong complexations no significant change in either the LSPB or the aggregation of AuNRs was observed.
The extents of complexation between the various AuNRs and divalent metal ions are summarized in Figure 4 . The changes in the intensities of the LSPB peak after the addition of metal ions to the AuNRs (unmodified), PAA-coated AuNRs, and PAA/PAH-coated AuNRs solutions, respectively, were quantified. In the cases of aggregation between PAA-coated AuNRs and Cu 2+ , Zn 2+ , Cd 2+ , or Fe 2+ , significant hypochromic shifts in the LSPB absorbance were observed. To verify that carboxyl groups are involved in the chelation, unmodified AuNRs and PAA/PAH-coated AuNRs were mixed with various metal ions. Under these identical conditions, no hypochromic shifts were observed. It should be noted that the precipitation of PAA-coated AuNRs is not attributable to the ionic state of the AuNRs-dispersed media, that is, the aggregation and further precipitation is directly attributable to its chelating abilities. Figure 5 shows photographs of PAA-coated AuNRs solutions mixed with various metal ions. All images were obtained after a 24 hour period of interaction. Cu 2+ , Zn 2+ , Cd 2+ , and Fe 2+ , when added to PAA-coated AuNRs solutions formed aggregates as the result of chelation. In the case of copper ions, the largest aggregates were formed within 2 h, as shown in the magnified image of Figure 5 , because the H and − G values for the complextion of Cu 2+ and dicarboxylate are the highest. In order to check the stability of the aggregates further, the final products, as shown in Figure 5 , were heated to 100 C. No visible changes were observed. This indicates that the aggregates formed in the method are strong and robust.
CONCLUSION
Aggregate formation between the various divalent metal ions and functionalized AuNRs were investigated by observing the change in LSPB extinction via UV-vis measurements. PAA-coated AuNRs were able to effectively . This can be attributed to the difference in the chelation abilities related to the different binding energies in the complexation process. The results reported in this study have further implications, in that functionalized AuNRs can be applied to the environmental and biological sensing systems, based on the sensitive optical properties of plasmonic nanoparticles.
